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ABSTRACT: Genetic parameters for wool traits for
Columbia, Polypay, Rambouillet, and Targhee breeds
of sheep were estimated with single- and multiple-
trait analyses using REML with animal models. Traits
considered were fleece grade, fleece weight, and staple
length. Total number of observations ranged from
11,673 to 34,746 for fleece grade and fleece weight and
from 3,500 to 11,641 for staple length for the four
breeds. For single-trait analyses, data were divided by
age of ewe: young ages (age of 1 yr), middle ages
(ages of 2 and 3 yr), and older ages (age greater than
3 yr). Heritability estimates averaged over breeds for
fleece grade decreased from .42 at a young age to .37
for older ages. For fleece weight, heritability estimates
averaged .52, .57, and .55 within the successively
older groups. Heritability estimates for staple length
averaged .54 for young and middle age classes. Few
older ewes had staple length measurements. After
single-trait analyses, new data sets were created for
three-trait analyses with traits defined by three age
classes when animals were measured. Heritability
estimates with three-trait analyses, except for a few
cases, were somewhat greater than those from single-
trait analyses. For fleece grade, the genetic correla-
tions averaged over breeds were .72 for young with
middle, .42 for young with older, and .86 for middle
with older age classes. For fleece weight, the average
genetic correlations were .81, .83, and .98. For staple
length, the average genetic correlation for young with
middle age classes was .82. Estimates of genetic
correlations across ages varied considerably among
breeds. The average estimates of correlations suggest
that fleece grade may need to be defined by age,
especially for the Columbia and Rambouillet breeds.
For fleece weight and staple length, however, the
average correlations suggest no need to define those
traits by age.
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Introduction
Several studies have been conducted (Iman et al.,
1992; Saboulard, 1995; Notter and Hough, 1997; van
Zyl, 1998) to estimate genetic correlations among wool
traits. Fogarty (1995) has provided a summary of
such studies. Recently, studies of genetic correlations
across ages for Merino wool traits (Atkins and
Mortimer, 1987; Coelli et al., 1998; Atkins, 1990) have
suggested the importance of considering age-specific
traits for improving selection response. Analyzing data
for each age at measurement separately may provide
additional information for making selection decisions.
The objective of this study was to estimate parameters
necessary to determine whether in a selection program
more progress can be made by considering the age of
the animal as a part of the trait (Falconer, 1952),
rather than by simply adjusting for the age of the
animal.
Materials and Methods
Data and Traits
Data for this study were collected at the United
States Sheep Experiment Station, Dubois, ID, during
the period 1974 to 1996 for Columbia, Polypay,
Rambouillet, and Targhee sheep. Shearing was con-
ducted in late May at the headquarters facility. All
sheep over 8 mo of age were shorn. Fleeces were
weighed. Staple length was measured prior to shear- 
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Table 1. Summary by breed and age of ewe class of number of measurements (n), sires (s), and ewes (a)
with records with unadjusted means and standard deviations (SD) for fleece weight
and fleece grade and for staple length
Fleece grade, spinning count Fleece weight, kg Staple length, cm
Breed and age group n s a Mean SD n s a Mean SD n s a Mean SD
Columbia
Young 4,236 286 4,236 57.54 2.67 4,236 286 4,236 5.14 1.24 3,271 276 3,271 9.36 1.89
Middle 4,326 267 2,608 57.55 2.62 4,362 267 2,608 5.07 1.06 319 156 308 9.65 1.70
Older 3,075 206 1,284 57.05 2.41 3,075 206 1,284 5.15 .93 — — — — —
Polypay
Young 13,432 862 13,432 57.94 3.14 13,432 862 13,432 3.74 1.13 10,663 761 10,663 8.67 1.89
Middle 12,666 797 7,736 57.60 3.16 12,666 797 7,736 3.86 .94 923 273 832 8.84 1.21
Older 8,648 637 3,490 57.46 2.97 8,648 637 3,490 3.78 .90 55 10 34 8.52 1.11
Rambouillet
Young 6,716 539 6,716 61.42 3.50 6,716 539 6,716 4.50 1.20 4,912 529 4,912 8.19 1.32
Middle 6,626 504 3,908 61.49 2.46 6,626 504 3,908 4.67 1.07 973 316 913 8.30 1.21
Older 5,382 422 1,975 61.49 2.26 5,382 422 1,975 4.66 .93 337 83 337 7.01 1.07
Targhee
Young 5,457 536 5,457 59.61 2.50 5,457 536 5,457 4.65 1.26 4,434 511 4,434 8.91 1.62
Middle 5,304 489 3,207 59.68 2.62 5,304 489 3,207 4.86 .98 463 311 450 9.54 1.44
Older 4,253 402 1,668 59.34 2.60 4,253 402 1,668 4.81 .84 — — — — —
ing at midside without stretching the fiber. Before
1990, three measures were taken at midside by
different individuals and averaged. Since 1990, meas-
urement was based on a single measure. After
shearing, fleeces were skirted and graded. Fleece
grade was assigned by a subjective, visual appraisal of
fiber diameter based on the English Worsted Yarn
Count System and, therefore, converted to spinning
count. Day of year shorn was recorded as well as sex of
animal and year shorn. Basic statistics of the data are
shown in Table 1. Fleece weight, fleece grade, and
staple length were the traits analyzed in this study. A
more detailed description of management can be found
in Ercanbrack and Knight (1998). The data were
analyzed previously by van Zyl (1998) to estimate
correlations among and between prolificacy, weight,
and wool traits.
For this study of genotype × age interaction, the
data for each wool trait within each of the four breeds
initially were divided into 10 data subsets by age of
animal in years at measurement such that 120 single-
trait analyses (4 breeds × 10 age classes × 3 traits)
were performed. For all breeds, estimates of
parameters were not reasonable for some age classes,
in particular for age 5 and older classes, because of
small numbers of measurements for those ages.
Therefore, the data were divided into subsets by three
ages of animals: young age (age 1 yr), middle ages
(ages 2 and 3 yr), and older ages (age greater than 3
yr). Then, a total of 36 single-trait analyses (4 breeds
× 3 age classes × 3 traits) were performed to obtain
starting values for estimates of (co)variances for
three-trait analyses.
After the single-trait analyses, new data sets were
created for three-trait analyses with same-named
traits defined by age class of the ewe when the trait
was measured. All pedigree information from 1974 to
1996 was used. Levels of random and fixed effects that
should be included in the linear mixed model for each
trait and age group were included for the newly
created data set. This pattern allowed use of all
relationships including animals in all subsets of same-
named traits in three-trait analyses. A ewe could be
measured at most once at the young age and twice in
the middle age group but more often in the older age
group. Outliers were discarded from data sets to
reduce possible influence on estimates of variance. If
the absolute value of a measurement minus the
unadjusted mean divided by the unadjusted pheno-
typic standard deviation was greater than 4.5 the
observation was not used in the analysis.
Statistical Analysis
Analysis procedures were similar to those described
in the preceding article (Okut et al., 1999), except
that mating sire effects were not included in the
model.
The linear animal model used to estimate variance
components for the single-trait analyses was as
follows:
y = Xb + Zua + Pupe + e
where y is a vector of observations, b is the vector of
unknown fixed effects, ua is the vector of unknown
direct additive genetic effects of the animals, and upe
is the vector of unknown uncorrelated permanent
environmental effects of the animals, with association
matrices X, Z, and P; e is a vector of random residual 
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Table 2. Estimates of variance components and fractionsa of total variance for Columbia, Polypay, Rambouillet,
and Targhee breeds for fleece traits with single-trait analyses by age of ewe
ah2, direct heritability; pe2, variance of permanent environmental effects of animals as fraction of total variance; e2, variance of residual as
fraction of total variance; and , phenotypic variance.sp
2
Young age Middle ages Older ages
Traits h2 e2 sp
2
h2 pe2 e2 sp
2
h2 pe2 e2 sp
2
Fleece grade, spinning
count
Columbia .40 .60 6.20 .45 .06 .49 6.46 .37 .09 .54 .540
Polypay .47 .54 6.68 .44 .00 .56 6.82 .47 .00 .53 6.74
Rambouillet .46 .54 8.24 .32 .00 .68 4.97 .32 .00 .68 4.62
Targhee .36 .63 5.30 .38 .06 .56 6.10 .32 .11 .57 6.00
Fleece weight, kg
Columbia .50 .51 .64 .44 .27 .30 .67 .36 .27 .36 .69
Polypay .58 .42 .76 .60 .10 .30 .67 .66 .04 .30 .66
Rambouillet .50 .50 .64 .68 .00 .33 .71 .68 .00 .32 .71
Targhee .51 .49 .59 .55 .09 .36 .58 .49 .12 .39 .59
Staple length, cm
Columbia .53 .47 1.18 .40 .25 .35 1.13 — — — —
Polypay .62 .37 2.11 .66 .09 .25 1.18 .78 .03 .18 .65
Rambouillet .46 .55 1.10 .60 .00 .41 .71 .86 .00 .14 .90
Targhee .55 .44 1.24 .55 .16 .29 .82 — — — —
effects. In the model for single-trait analyses of
measurements at the young age, permanent environ-
mental and residual effects are combined in the e
vector. With the three-trait analyses, the upe vector is
used even for the young age in order to allow for an
environmental covariance between records at different
ages through the permanent environmental effects.
As described in the preceding article (Okut et al.,
1999), although the environmental covariance due to
an animal’s permanent environmental effects in the
different age classes can be forced into the covariance
structure of permanent environmental effects across
age classes, interpretation requires some caution
when one class, such as the young age class, cannot
have repeated measures. The combined (residual and
permanent) environmental correlation can be cor-
related from the sum of the original residual and
permanent environmental variance components and
the permanent environmental covariance correlation
between measures in the young and middle age
classes:
= ÷reym
rpeym( ×pey2 pem2 ).5
( +pey2 ey2)( +pem2 em2 ).5
where is the correlation between permanentrpeym
environmental effects, and are fractions ofpey
2 pem
2
variance due to permanent environmental effects, and
and are fractions of variance due to residualey
2 em
2
effects for the young ( y ) and middle ( m ) age classes.
Two fixed factors, year-sex combination and day in
year shorn (indicator of contemporary group), were in
the model for the young age classes. For the middle
and older age classes, however, age of animal in years
was added to the model as a fixed effect. Estimates of
variance components with REML were obtained using
a derivative-free algorithm (Smith and Graser, 1986;
Graser et al., 1987) with the MTDFREML program of
Boldman et al. (1993). Convergence was considered to
have been obtained when the variance of the −2log
likelihoods in the simplex was less then 1 × 10−6.
Restarts were performed to obtain global convergence.
Results
The estimates of variance components and herita-
bility estimates for fleece grade, fleece weight, and
staple length obtained from single-trait analyses by
age classes are given in Table 2. In general, heritabili-
ties of fleece grade decreased slightly with advancing
ages of animal (averages of .42 for young, .40 for
middle, and .37 for older age classes). On average,
heritability of fleece grade was greatest for Polypay
(.46) and smallest for Targhee (.35). In contrast to
fleece grade, heritability estimates for fleece weight
changed little with advancing age of animals (aver-
ages of .52, .57, and .55 from young to older).
Heritability of fleece weight was greatest on average
for Polypay (.61) and Rambouillet (.62) and smallest
for Columbia (.43). The heritability estimates for
fleece grade, a subjective score, were somewhat less
than the average reported for fiber diameter, a
quantitative measure, by Fogarty (1995). Heritability
estimates for fleece weight were on the high end of the
range of estimates reviewed by Fogarty (1995).  
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Heritabilities of older age class for staple length in
Columbia and Targhee could not be estimated because
no observations were available for the older ewes of
those breeds. Heritability estimates for staple length
were somewhat greater than those for fleece grade and
similar to those for fleece weight for the young and
middle age classes, except for the two large estimates
for the older age class for Polypay and Rambouillet
that were based on few data. The heritability esti-
mates were similar to those for FW. The averages for
young and middle age classes were both .55.
The proportion of variance due to permanent
environmental effects for fleece grade, fleece weight,
and staple length ranged from low to moderate for all
breeds and was generally not large except for fleece
weight and staple length for Columbia. The sums of
estimates of heritability and proportion of variance
due to permanent environmental effects (repeatabil-
ity) were relatively constant across breeds, especially
for fleece weight; a smaller estimate of heritability
was often paired with a larger estimate of fraction of
variance due to permanent environmental effects.
Multiple-Trait Analyses
Estimates of (co)variance components and genetic
parameters from three-trait (by age class) analyses
for fleece grade and fleece weight and two-trait
analyses for staple length are shown in Table 3. As
with heritability estimates from single-trait analyses,
estimates from three-trait analyses were relatively
high and ranged from .32 to .52 for fleece grade and
from .56 to .71 for fleece weight. Except for a few
cases, heritabilities from three-trait analyses were
greater than those from single-trait analyses. Aver-
ages of heritability estimates across breeds by age
class were somewhat larger from the three-trait class
analyses than from single-trait analyses; the largest
differences were for fleece weight (.63, .63, and .66 vs
.52, .57, and .55 by age class). Because for staple
length either no records or only a few records were
available for the older age class, only two-trait
analyses were performed to estimate genetic
parameters. Heritability estimates for this trait
ranged from .52 (middle ages for Targhee) to .78
(middle ages for Polypay). Average estimates across
ages and across breeds were larger from the two-trait
analyses than from single-trait analyses.
A general guideline given by Robertson (1959) is
that a genetic correlation greater than .80 indicates
little need to divide the trait by age class.
Targhee had the largest estimates of genetic
correlations between all pairs of age classes for fleece
grade (.89 to .98). All estimates of genetic correlations
among pairs of age classes for fleece grade for Polypay
also were greater than .80. For Columbia and
Rambouillet, only one of six estimates of genetic
correlations was greater than .80 for fleece grade, and
two of six estimates were near zero. On average across
all breeds, only the genetic correlation between middle
and older age classes exceeded .80 (.86).
For fleece weight, the average estimates of genetic
correlations between age classes exceeded .80 (.81,
.83, and .96). All genetic correlations for Columbia
and Targhee were .90 or greater. For the correlation
between middle and older age classes, all breeds had
estimates that were .94 or larger. Genetic correlations
for Rambouillet for young with middle and older age
classes approached .80 (.76 and .74, respectively).
The smallest estimates were .61 and .72 for Polypay
between young and middle and young and older ages,
respectively.
For staple length, the genetic correlation between
young and middle age classes ranged from .69 to .94,
with an average of .82.
Proportion of variance due to permanent environ-
mental effects of animal for fleece grade and fleece
weight ranged from .00 to .22 with three-trait
analyses. The proportions of variance due to this
random effect were somewhat less than those from
single-trait analyses. However, as with estimates
obtained from single-trait analyses, proportions of
variance due to permanent effects of animal for fleece
grade were less than those for fleece weight with
three-trait analyses. The proportions of variance due
to permanent environmental effects of animal were
greater for staple length than those for fleece weight
with multiple-trait analyses. After combining vari-
ances due to permanent environmental and residual
effect, the environmental correlations between pairs of
age classes were generally near zero except for the
young with middle age class for fleece weight for
Polypay (.31) and staple length for Columbia (.35).
Discussion
In general, heritability estimates obtained from
three-trait analyses were somewhat greater than
those from single-trait analyses and those from
previous studies (Fogarty, 1995; Notter and Hough,
1997). For fleece grade, heritability estimates with
three-trait analyses for Polypay, Rambouillet, and
Targhee agreed well with those of single-trait ana-
lyses. For fleece weight, heritability estimates for
Polypay and Targhee and, in addition, estimates for
middle and older age classes in Rambouillet, agreed
well with those from single-trait analyses. For staple
length, however, heritability estimates for older
Columbia and Polypay ewes and heritability for young
Rambouillet ewes differed considerably from those
derived from single-trait estimates. Many studies have
reported that genetic parameter estimates for the
same data with single- and multiple-trait analyses
differ in certain situations (Lin and Lee, 1986;
Buttazoni and Mao, 1989; Keeton et al. 1996; Satoh et
al., 1997). However, the differences in estimates
between single- and three-trait analyses in this study
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Table 3. Estimatesa of (co)variance components and fractions of variances for Columbia (C), Polypay (P),
Rambouillet (R), and Targhee (T) breeds for fleece traits with three-trait analyses
a = direct genetic heritability for age class i (y = young, m = middle, and o = older age classes); = direct genetic correlation betweenhai
2 raij
age classes i and j; = proportion of variance due to permanent environmental effects of ewe for age class i; = correlation betweenpei
2 reij
environmental effects for age classes i and j; = proportion of variance due to residual effects for age class i; and = phenotypic variance forei
2 si
2
age class i.
Fleece grade, spinning count Fleece weight, kg Staple length, cm
Parameter C P R T C P R T C P R T
hay
2
.52 .47 .44 .40 .65 .56 .68 .62 .54 .62 .56 .59
ham
2
.47 .44 .32 .44 .57 .59 .69 .66 .53 .78 .57 .52
hao
2
.45 .44 .34 .41 .62 .71 .70 .59 — — — —
raym .74 .83 .34 .96 .95 .61 .76 .92 .86 .69 .79 .94
rayo −.01 .82 .00 .89 .95 .72 .74 .90 — — — —
ramo .66 .91 .88 .98 .95 .96 .94 .98 — — — —
pey
2
.22 .00 .00 .00 .07 .21 .15 .20 .32 .08 .10 .01
pem
2
.00 .00 .01 .02 .15 .09 .00 .00 .11 .00 .02 .14
peo
2
.06 .00 .00 .04 .07 .00 .00 .05 — — — —
reym .00 .00 .00 .01 .13 .31 .00 .00 .35 .03 .10 .08
reyo .00 .00 .00 .00 −.05 .02 .00 .01 — — — —
remo .00 .00 .00 .00 .18 .01 .00 .02 — — — —
ey
2
.25 .53 .56 .60 .28 .24 .17 .18 .14 .30 .34 .40
em
2
.53 .56 .67 .54 .28 .32 .31 .34 .35 .22 .41 .34
eo
2
.49 .55 .65 .54 .30 .29 .30 .36 — — — —
sy
2
6.63 6.74 8.21 5.40 .73 .71 .65 .63 1.18 1.78 .89 .94
sm
2
6.07 6.83 5.16 6.34 .74 .62 .73 .63 1.21 1.27 .69 .82
so
2
5.75 6.65 4.69 6.30 .82 .67 .76 .65 — — — —
for some breeds are not as large as those from other
studies, although most of those studies did not involve
missing observations. Satoh et al. (1997) noted that
multivariate analysis uses the phenotypic information
on all traits, but univariate analysis does not. As a
consequence, the multivariate analysis should account
for selection at earlier ages and yield better estimates
of variance and covariance components than univari-
ate analysis. This study supports that idea. In single-
trait analyses in this study, only pedigree information
of the age group being analyzed was used in mixed-
model equations. In multiple-trait analyses, however,
pooled pedigree information was used. Thus, for young
Polypay ewes, for example, pedigree information on
13,432 animals was used in the single-trait analysis,
whereas for multiple-trait analyses pedigree informa-
tion on 24,746 animals was used.
For fleece grade, direct genetic correlations between
young and older ages for Columbia and between young
and older and between young and middle ages for
Rambouillet were −.01, .00, and .34, respectively,
indicating that this trait may need to be defined by
age of animal for both Columbia and Rambouillet
breeds. For fleece grade, all genetic correlations
between pairs of ages for Targhee and Polypay and
correlation between middle and older age classes for
Rambouillet were greater than .80. Genetic correla-
tions across ages for objective measurements of fiber
diameter (fleece grade) in Australian Merino sheep
have been reported to exceed .80 (Coelli et al., 1998).
Likewise, for fleece weight, all genetic correlations
between pairs of age classes and correlations between
middle and older ages for Polypay and Rambouillet
were greater than .80. Hence, these age classes could
be treated as one trait rather than three and could be
treated as one trait for selection, based on Robertson’s
(1959) guideline. In addition, genetic correlations for
staple length between young and middle ages for
Columbia, Polypay, and Rambouillet were greater
than .80, indicating young and middle ages are
essentially one trait rather than two because causal
effects for the classes are similar. Coelli et al. (1998)
found that genetic correlations across ages for clean
fleece weight in Australian Merino sheep of less than
.80 existed between yearling and adult ages but not
among adult ages. Genetic correlations between some
pairs of ages for fleece grade, fleece weight, and staple
length are in the range of .70 to .79, indicating that
further studies may be needed to reach a general
conclusion for these ages and traits.
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Implications
Genetic correlations between fleece grade at differ-
ent ages for some breeds were low. If the genetic
correlation between age classes is low, more progress
can be made in selection programs by considering the
age of animal as a part of the definition of the trait.
Direct genetic correlations for fleece grade between
young and older ages for Columbia and between young
and older and between young and middle ages for
Rambouillet were low, indicating that this trait may
need to be defined by two or three age classes for these
breeds. Genetic correlations between many pairs of
ages are greater than .80 with similar heritabilities
and phenotypic variance. These age classes can be
considered as one trait, rather than three, for selec-
tion. Genetic correlations between some pairs of ages
for fleece traits of some breeds were moderately large
(.70 to .79), so further study will be needed to reach a
general conclusion about whether these traits should
be defined by age of animals.
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